Abstract Robotic-assisted minimally invasive surgery (RMIS) has attracted the attention of the surgeon and patient with high precision, minimizing trauma, dexterity and fast recovery time. The three-dimensional reconstruction of tissue structure and morphology during operation is an important prerequisite to guide the operation accurately and safely. However, hole problem still exists in the reconstruction process that will affect the accuracy and effectiveness of the surgery procedure. To address this problem, the paper presents a new hole repair method based on spatial surface scatter interpolation for 3D tissue reconstruction. In order to better close to the real structure, we have retained the surrounding concave-convex in the three-dimensional reconstruction, meanwhile, compared with the existing Delaunay triangulation method. The results indicate the proposed method can achieve better repair effects for various holes, with more smooth merits.
I. INTRODUCTION
For the robot-assisted minimally invasive surgery (MIS) [1] , the accurate reconstruction and restoration of intracavitary 3D morphological structure determines the safety and effectiveness of the operation.
The intra-operative imaging modalities are usually based on stereo vision technology. However, there are always holes due to occlusion, noises, etc. The loss of location data will lead to robot false judgment and have a major impact on the patient's safety. For the lost 3D data, a secondary repair based on convexity of the peripheral data is becoming critical.
Currently, in the field of machine vision, the three-dimensional reconstruction of the point cloud grid holes can be divided into the following four types [9] According to the curvature change of the hole area, Zhengliang Wei et al. [10] proposed a hole repair algorithm based on smooth surface fitting, but the calculation process is complex and the fitting error is large. Xie et al. [11] came up with a three-dimensional model on the strength of the curvature of the hole repair method, however, the repair effect is not good when the curvature changed large. Yuan Yao et al. [12] presented a surface repair method based on boundary sampling and projection, whereas this method is not easy to identify the surface accurately when there is projection overlap.
In this paper, we considered the concavity and convexity of the 3D point cloud data and proposed a hole repair method based on surface interpolation, then compared with the existing methods and analyzed the results.
The paper is organized as follows: Section II describes three-dimensional point cloud patching algorithm, it mainly includes topological structure of point cloud, Delaunay triangulation algorithm and spatial surface interpolation algorithm. Section III presents camera calibration and 3D reconstruction algorithms. In section IV, simulation experiments were carried out by using the two methods and the results were comparied. The experimental results were analyzed in Section V and the main conclusions were given in Section VI.
II. THREE -DIMENSIONAL POINT CLOUD PATCHING ALGORITHM

A. Topological structure of point cloud
In general, a complete 3D point cloud has no holes and its internal structure is closed. If each edge of a grid triangle belongs to two adjacent triangular patches, it is called an inner edge. If an edge belongs to only one triangular piece, it is called the boundary edge. The boundary contains two points that are called the vertex of the boundary. Point cloud hole structure diagram is shown in Fig. 2 . [14] . The triangular mesh can be used to construct the three-dimensional model in the space three-dimensional structure and through the topological structure of the triangular facets to expression the various objects. Its topology is shown in Fig. 3 . The literature [11] gave a typical definition of the triangular mesh, which mainly contained three parameters: the vertex, boundary, triangular, and the correlation was described below.
The neighborhood of the point Vertex V, its order neighborhood is a set of points consisting of all points that are equal to or less than n to the vertex V, denoted as Nbhd (V) 
B. Delaunay triangulation algorithm
Triangulation Definition: Assuming that V is a finite set of points on a two-dimensional real field, the edge e is a closed line consisting of the point set by the point set, and E is the set of e, then a triangulation of the point set V = (V, E) is a plan G, which satisfies the condition:
1) In addition to the endpoint, the edges in the plan view do not contain any points in the point set.
2) There is no intersecting edge.
3) All the faces are triangular and the collection of all triangles is the convex hull of the scatter set V.
The largest triangulation used in practice is the Delaunay triangulation, which is a special triangulation. To meet the definition of the Delaunay triangulation, two important criteria must be met: a) Empty circle characteristics [13] : Delaunay triangulation is unique and there is no other point in the outer circle of any three points. As shown in Fig. 4 . [13] : the smallest angle of the triangle formed by the Delaunay triangulation is the largest in the triangulation that the scatter set may form. Specifically, it means that the two adjacent triangles form a diagonal of the convex quadrilateral, and after the mutual exchange, the minimum angle of the six inner angles is no longer increased. Automatic shielding forms too narrow, too sharp triangles, as shown in Fig. 5 . 
C. Spatial Surface Interpolation Algorithm
Interpolation have a lot of calculation methods, such as the commonly used pixel interpolation algorithm, bilinear interpolation algorithm, bi-cubic interpolation algorithm and fractal algorithm. Among them, the pixel interpolation algorithm is the most simple one interpolation algorithm. Bilinear interpolation algorithm means that each pixel of the output image is the result of the four pixel operations in the original image, this algorithm largely eliminates jagged phenomenon and the effect is good. The bi-cubic interpolation algorithm is an improved algorithm of bilinear interpolation algorithm and the operation speed is faster. Fractal algorithms with infinite detail and self-similar characteristics, it can make the graphics in any case zoom, it looks very similar with the original graphics, so get the image effect, compared with other algorithms more clear, more sharp, but the calculation is relatively large when compared to other algorithms.
Three-dimensional surface interpolation is an important problem problem in computer graphics. This method can generate arbitrary surface of arbitrary order and to ensure the continuity of the generated surface in theory. At the same time, it can also be avoided the traditional subdivision surface method of iteration and improve the efficiency. For robust data, the robustness of the algorithm is good. Experiments show that the surface Interpolation method can reconstruct the continuous surface with high precision with smoothly connect the concave and convex of the surface. At the same time, the algorithm can estimate the local point cloud density and the vertex normal vector of the mesh.
III. CAMERA CALIBRATION AND 3D RECONSTRUCTION
The 3D reconstruction process usually consists of image acquisition, camera calibration, feature extraction, stereo matching and 3D reconstruction [14] . 
A. Camera calibration
In this paper, two diameter 5mm, 480x640 pixel industrial endoscope as a binocular camera, each shot 20 images for binocular camera calibration, the calibration results as shown below: 
B. Three-dimensional reconstruction
The image of the same real scene captured by the corrected binocular camera at the same time is introduced, and its 3D point cloud model is reconstructed by using MATLAB. The result is shown in Fig.8 . It can be seen from the reconstruction results that the holes in the disparity map cause the depth of the reconstruction model to be missing and discontinuous, and the reconstructed 3D point cloud has holes. The existence of holes can lead to the loss of real scene information even very important information, seriously affecting the reconstruction of three-dimensional model integrity and accuracy. The existence of holes on the operation of the abdominal surgery robot is a great security risk, so we must use a variety of ways to eliminate the hole and accurately reconstruct the surgical field of vision of the three-dimensional model, and then guide the doctor's surgical process. Therefore, it is necessary to take certain means to fill each hole smoothly.
IV. POINT CLOUD HOLE REPAIR EXPERIMENT
In this paper, the Delaunay triangulation algorithm and the spatial surface interpolation method are used to repair the reconstructed 3D point cloud holes.
A. Delaunay triangulation
From the reconstruction of the cloud point to find the hole area, and then point the cloud local amplification, find the boundary of the hole coordinates.
Find the hole area from the 3-dimensional reconstruction point cloud and enlarge the cloud hole area, then find the boundary point of the hole, and then use the method of taking the middle point to insert a new space point, the method steps are as follows [15] The principle is illustrated as follows: In this paper, we selected 32 spatial discrete points on the boundary of a hole obtained after reconstruction, saved the coordinates of the space points in a counterclockwise order. Then inserted a series of new points according to the above rules and then connected the points according to the Delaunay triangulation principle to obtain a closed Delaunay triangular surface as a result of the partial repair of the 3D point cloud.
The experimental results are shown in the following figure. 
B. Spatial surface fitting method
From the results of the Delaunay triangulation, on the one hand, when the hole is large, the triangular plane in the central area of the patch tends to be gentle and the error is larger than that of the real object. On the other hand, when the gradient of the three-dimensional point cloud surface is large, the sparseness of the insertion point is not easy to control and it is easy to cause large error. Furthermore, for complex voids, the algorithm complexity is significantly increased. Therefore, this paper presents a new three-dimensional point cloud hole repair strategy, that is, surface interpolation method. In order to be closer to the imaging surface, this paper interpolates according to the trend of cloud location data at the surrounding hole. Firstly, we find the missing area, that is, the corresponding hole area, according to the reconstructed three-dimensional spatial point cloud. And then the corresponding parallax map can be found to contain the parallax value of the pixel point of the rectangular box coordinate area, the parallax vertical and horizontal coordinates of the range. Next, the index of the parallax pixel is used to find the three-dimensional point cloud coordinates corresponding to each two-dimensional coordinate in the rectangular box coordinate area of the parallax graph to determine whether the x, y and z values of the corresponding three-dimensional point cloud coordinates for the vacancy value. If these values are vacant, calculate the new coordinate points according to a certain interpolation operation.
Select the three-dimensional point cloud amplification after the two types of holes, as shown in Fig. 12 (a) and (b) . And then in the corresponding area of the parallax to find the corresponding rectangular area, as shown in Fig. 12 (c) and (d) , you can get its pixel coordinate range. According to the size of the parallax to determine whether the selected parallax value is valid, and then according to the corresponding rules to insert a new three-dimensional point. Repair effect as shown in Fig. 12 (e) and Fig. 12 (f) .
V. DISCUSSION As the application of three-dimensional reconstruction more and more widely, more and more researchers put into studied the three-dimensional reconstruction point cloud hole repair problems. The most common is the triangulation method [19] [20] [21] , other methods are methods of constructing implicit surfaces [22] , curvature-based methods [24] and so on. Although the researchers continue to explore better ways to repair holes, but the results are not perfect, still need further study. Based on the research of others, we propose a method based on surface interpolation to better fix the hole, and it is proved that it's effective by experiment.
In this paper, the Delaunay triangulation algorithm and the spatial surface interpolation algorithm are used to repair the holes in the 3D reconstruction point cloud. From the results of these two repair methods it can be seen that the insert points of Delaunay triangulation algorithm were relatively sparse. Meanwhile the changes of curvature were not smooth and the repair effect is not ideal when the hole is complex. On the contrary, the method of surface interpolation can not only repair simple holes availably, but also repair complex holes effectively. Because this method can make full use of the existing point cloud to insert new points smoothly. It leads to that the surface is smoother and more natural after the repair. The patch area and the original area are well integrated by using this method. It also significantly improved the triangulation algorithm hole repair some of the problems. However, the method of surface interpolation still has some disadvantages. For example, when the shape of the hole is very irregular the number of invalid calculation process will increase. It will lead to poor real-time. In other words, it is not conducive to the operation of the robot in a timely and accurately manner. This kind of problem was discussed in some other research about three-dimensional reconstruction of cloud hole repair. Therefore, on the basis of the research in this paper, we need to continue our efforts in the future research work to ensure that the repair method is more perfect and the repair result is more satisfactory.
VI. CONCLUSIONS
In this paper, we proposed a method to reconstruct surface point cloud hole repair based on surface interpolation of 3D objects. This method uses the appropriate interpolation rules to insert a series of new three-dimensional points, according to the location of the points around the cloud hole. The repair effect can be adjusted appropriately, so you can get better repair results. The experiments showed that the algorithm is stable and reliable, as well as the patch area is smoother. This approach lays the foundation for the safety and accuracy of robotic endoscopic surgery, promising to meet the needs of clinical practice in the near future.
